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Discussion of 
"Use of Rayleigh Modes in Interpretation of 
SASW Tests" N. Gucunski and R.D. Woods 
Paper No.1 0.10 
by 
Terrance G. Barker 
S-CUBED, P.O. Box 1620, La Jolla, CA, 92038 
The Spectral-Analysis-of-Surface-Waves method that is 
discussed in several papers in this conference, as well as 
the work of Barker and Stevens in this session, rely 
primarily on the dispersion properties of the fundamental 
mode Rayleigh wave. In many cases, however, the higher 
modes dominate the seismograms. The authors of this 
paper have presented a detailed analysis of properties of 
higher modes which can be used to enhance the 
interpretation of surface waves through consideration of 
those modes. 
Using a stiffness matrix approach, the eigenvalues of of the 
equation 
S (c.o ,k)U= 0, 
where S is the stiffness matrix and u Is the displacement 
eigenfunction of depth, the dispersive and transmissive 
properties of the higher modes can be calculated. This is 
done for two earth models. The models both consist of two 
layers over a half-space. In one model the velocities 
increase monotonically with depth, while in the second 
model there is a low velocity zone. The authors show the 
dispersion curves for the fundamental and two overtones, 
as well as displacement versus wavenumber diagrams, rate 
of energy transmission versus frequency diagrams, 
diagrams of surface vertical displacement versus frequency 
and mode shape versus depth figures. 
The authors conclude from these simulations that where the 
velocity strictly increases with depth the fundamental mode 
will dominate, and the fundamental mode dispersion is well 
separated from that of the first higher mode. For the case of 
a low velocity zone however, the dispersion curves come in 
close proximity (known as osculation or kissing by 
seismologists), rendering the mode identification difficult. 
The fundamental has most of its amplitude near the surface, 
wh1le higher modes are peaked at depth (which has led 
'·'7" mologists to relate higher modes to body wave 
refractions, since the mode shapes are concentrated at 
interfaces). 
My experience in the analysis and comparable synthesis of 
surface waves is that amplitude information is very difficult 
to use. This is apparently due to the fact that intrinsic 
attenuation (Q), small lateral variations in the layer 
interfaces and sharpness of interfaces all have a greater 
impact on relative amplitudes of modes than the plane 
elastic theory suggests. This theory is important to 
understand, however, and this paper contributes to that 
understanding. My experience further suggests that in 
single-station analyses, as opposed to array analyses, the 
modes are quite difficult to interpret and identify. In fact, the 
fundamental is often hard to find. This is probably the most 
difficult phase of any surface wave analysis, generally much 
harder than the inversion. 
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Discussion of 
"Dispersion Characteristics of Elastic Waves in 
Saturated Soils" Shiming Wu and Longzhu Chen 
Paper No. 10.14 
by 
Terrance G. Barker 
S-CUBED, P.O. Box 1620, La Jolla, CA, 92038 
In this paper, the effects of saturation on seismic wave 
speeds are examined. Two models for the inertial coupling 
between between the water and the soil skeleton are 
considered. The models differ in the relative directions of 
acceleration of the fluid (under Darcian flow) and particle 
motion due to the wave. In Model 1, one third of the pore 
water moves with the wave particle motion in the fluid and 
two thirds of the pore water moves with the wave motion of 
the soil. In Model 2, the accelerations of the fluid and soil 
are decoupled. The authors derive expressions for the 
seismic P and S wave velocities versus frequency 
(dispersion relations) for the two models. 
The dispersion relations are shown for representative clay 
and sand models using frequency non-dimensionalized by 
the frequency fc, given by 
f - j9_ 
c - 2~tK' 
where lj> is porosity, g is the acceleration due to gravity and 
K is the coefficient of permeability. A general result of the 
paper is that P and S waves are undispersed by saturation 
for frequencies below fc. For frequencies between fc and 
about 1 OOfc. the velocities increase and then are constant 
for higher frequencies. The results for S waves are weakly 
dependent on the choice of Model 1 or 2, but the choice of 
models is important for P waves. The high-frequency 
values for Model 1 are substantially higher than for Model 2. 
An example is shown for a site in China, where cross-hole 
P wave measurements were made and the degree of 
saturation was measured independently. The depth 
profiles of P velocity agree with the velocities predicted by 
this paper. 
Except for coarse sands, fc is above the frequencies typical 
of seismic prospecting (1 to 100 Hz). For example, fc for 
clays would exceed one megahertz, in which case the 
dic:oersion discussed here would nl"lt he observed. 
However, for coarse sand with a permeability 1 00 darcy 
(K=10 em/sec} and a porosity of 30%, fc -5Hz. The 
authors note that the example shows that the field results 
must be viewed with caution for permeable, porous soils. 
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Dispersion Characteristics of Elastic 
Waves in Saturated Soil 
Paper No. 10.14 
by 
Shiming Wu 
Dept. of Civil Engineering 
Zhejiang University 
Hangzhou 310027, China 
AUTHOR' S REPLY 
In the paper, the authors emphasised the 
efforts of coupling between the water 
and soil skeleton during motion. From 
statistic view, it was assumed that in 
cartesian coordinates, One third of the 
pore water within unit volume of soil 
moves in the direction of one axis with 
the same microscope acceleration of the 
pore water, which the other two thirds 
of the pore water move with microscope 
acceleration of soil skeleton in the 
same direction • The results show the 
influence of frequency of the motion, 
specially for P-wave. 
The authors reviewed the test data of 
P-wave measured in the field quoted in 
the papers published on the journals in 
the past decades and found they were of 
little use to interpret the soil 
properties in-situ, because it was 
difficult to explain why P-wave 
velocities in lots of cases were greater 
than 1450m/s which is theoretical P-wave 
velocity in deaired water. It was the 
purpose of the authors to relate this 
phenomenons to the dispersion 
characteristics and natures of the soil, 
and try to interpret the soil properties 
by wave propagation data both P-wave and 
s-wave • furthermore, to determine 
Poisson's ratio, depth for the first 
appearance of full saturation, porosity 
and unit weight. 
The curves shown in Figs 1 and 2 in the 
paper fit partially to the test data. 
especially at the lower part of f/fc, It 
is still necessary for further studies 
to understand the dispersion 
characteristics of elastic waves. 
Reply to Discussion on Paper No. 10.22 
"Generalized Rayleigh Waves in Layered Solid-
Fluid Media" by Hua Hui Tan 
The author would like to thank Terrance 
G. Barker for the valuable comments on the 
paper, and in particular, for pointing out the 
main advantage of displacement approach. The 
proposed method is convenient for computer 
implementation and can be extended readily to 
include semi-infinite soilid-fluid media. 
Singularity problems in fluid are overcome by 
using penalty function method and selective 
integration scheme. 
Reply to Discussion on Paper No. 10.23 
"Soil Profiling by Spectral Analysis of 
Surface Waves" by Dr. Chaim Poran, PE 
The discussion by T. Barker focuses on the 
important issue of higher mode participation 
in the "raw" measured data which is of special 
importance in irregular strata. The CSSASW 
technique at its present state uses a 
theoretical program based on the so called 
transfer matrix approach (Haskel, 1953). The 
computed theoretical solution provides phase 
dispersion curves for several modes, based on 
the estimated layered data input. The user 
may then make judgment on the dominant modes 
based on the results computed from the 
measured data. At present, the process of 
recognizing higher mode participation is being 
automated by using an optimization technique 
which is designed to identify the dominant 
modes in the spectral range of the dispersion 
curve by matching it to the measured "raw" 
data. When completed, this process will 
automatically estimate the parameters of the 
respective layered strata. Nazarian (1984) 
and other researchers using SASW have also 
been involved in similar developments. 
References: 
Haskel, N.A., (1953). "The Dispersion of 
surface Waves in Multilayered Media," Bulletin 
of the Seismological Society of America, Vol. 
43, 17-43. 
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Nazarian, s. (1984). "In Situ Determination of 
Elastic Moduli of Soil Deposits and Pavement 
systems by SASW Method," PhD Dissertation, The 
Univ. of Texas at Austin 
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Discussion of 
"Leak Detection In large Storage Tanks Using 
Seismic Boundary Waves" 
M. Kashl, A. Sotoodehnia and K. Maser 
Paper No. 1 0.20 
by 
Terrance G. Barker 
S-CUBED, P.O. Box 1620, La Jolla, CA, 92038 
This paper describes a series of experiments whose 
objective is to test the feasibility of using travel time 
variations in interface waves to map locations of leaks 
beneath large storage tanks. The method is based on the 
premise that leaks into the soil will change the propagation 
speed relative to initially dry soil, and that the differences 
can be measured using array methods, such as 
tomography. 
The first experiments described were done using linear 
arrays of geophones which spanned an area which was 
initially dry, and subsequently injected with water. The 
seismic source was off one end of the array. The authors 
quantified the differences in the seismograms before and 
after water injection by cross correlation. They found that 
the smallest correlation coefficients were in the wetted 
areas, indicating that a change in water content could 
produce measurable changes in the signals there. 
To see whether signals would propagate under actual 
storage tanks with reasonable equipment, the authors then 
hammered the ground on one side of existing tanks and 
recorded the signals on the other side. They did this with 
tanks with four different foundations. They found that the 
signals did indeed propagate through the foundation. 
Finally, they extended the linear array tests to circular 
arrays and performed field tests amenable to a tomographic 
analysis. Again, a before-and-after water injection study 
was done. The analysis yielded a grid within the circular 
array in which the computed cell velocities could be 
mapped. The largest variations were in the cell where a 
hole was dug and water injected into the ground. 
These tests are promising in that they show that areas 
where saturation levels change can be detected by simple 
seismic methods. Perhaps the only step remaining is to 
perform the tests over a period of time at a tank that is 
thought to be leaking. 
It is often the case in doing surface wave measurements 
that the signals observed do not have the clean 
appearance of those shown in the paper. This often makes 
travel time picks of the non-impulsive interface wave signals 
difficult. This can be cured in many instances by narrow-
band filtering and measuring the peaks from the narrow-
band signals themselves or their envelope functions. 
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Discussion of 
"Generalized Rayleigh Waves In 
Layered Solid-Fluid Media" Hua Hui Tan 
Paper No. 1 0.22 
by 
Terrance G. Barker 
S-CUBED, P.O. Box 1620, La Jolla, CA, 92038 
A finite element description of a plane layered medium with 
layers that are either fluid or solid is given in this paper. A 
displacement approach in which interface conditions are 
met without special coupling equations is given. The author 
shows in detail the continuum equations of motion, and 
shows how they are discretized for the finite element 
treatment. Although semi-analytic solutions to this problem 
are in general use, the method has the advantage of 
potentially being able to handle irregular interfaces {lateral 
variations). 
As a check on the method, the author compares his solution 
of the problem of a single fluid layer over a solid half-space 
with an analytic solution. The comparison is of the 
fundamental mode Rayleigh wave shapes {horizontal and 
vertical) versus depth at one frequency. The agreement is 
good. 
Discussion of 
"Soil Profiling by Spectral Analysis of Surface 
Waves" 
T. Satoh, C.J. Poran, K. Yamagata and J.A. 
Rodriguez 
Paper No. 10.23 
by 
Terrance G. Barker 
S-CUBED, P.O. Box 1620, La Jolla, CA, 92038 
The improved method is referred to as the controlled-source 
SASW, or CSSASW. The CSSASW technique uses a 
vibrator source which generates narrow-band amplitude 
modulated pulses at sequence of center frequencies. This 
source produces a time-limited and frequency band-limited 
signal from which the apparent fundamental mode Rayleigh 
wave velocity at a particular frequency can be measured in 
the time domain using two sensors. During the procedure, 
the source and sensors remain fixed while the frequencies 
of interest are swept. The field procedures for a typical 
application are explained in the paper. 
The authors discuss several approximate inversion 
schemes reported by Satoh, and give the velocity-depth 
relation for the one they have found works well. They 
indicate reasonable agreement between the approximate 
scheme and theoretical tests. At a site in Osaka, Japan, 
they applied their method to a site where SPT borings were 
made and compared the results. The comparisons are 
good. They also show how the method was used to located 
a buried conduit by observing variations in the inferred 
velocity profiles on and away from the conduit. 
The various methods discussed above have the advantage 
of being easy to use in the field with a minimum of 
computations and, as such, they are powerful tools. This is 
especially the case in applications like the buried conduit 
problem where differences in earth structure are more 
important than the absolute structure. A problem to be kept 
in mind, though, is that one is never sure that the 
fundamental mode velocity is being measured since one 
never inspects the seismograms or checks velocity-
frequency space for interfering modes. 
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fundamental mode Rayleigh wave shapes {horizontal and 
vertical) versus depth at one frequency. The agreement is 
good. 
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The improved method is referred to as the controlled-source 
SASW, or CSSASW. The CSSASW technique uses a 
vibrator source which generates narrow-band amplitude 
modulated pulses at sequence of center frequencies. This 
source produces a time-limited and frequency band-limited 
signal from which the apparent fundamental mode Rayleigh 
wave velocity at a particular frequency can be measured in 
the time domain using two sensors. During the procedure, 
the source and sensors remain fixed while the frequencies 
of interest are swept. The field procedures for a typical 
application are explained in the paper. 
The authors discuss several approximate inversion 
schemes reported by Satoh, and give the velocity-depth 
relation for the one they have found works well. They 
indicate reasonable agreement between the approximate 
scheme and theoretical tests. At a site in Osaka, Japan, 
they applied their method to a site where SPT borings were 
made and compared the results. The comparisons are 
good. They also show how the method was used to located 
a buried conduit by observing variations in the inferred 
velocity profiles on and away from the conduit. 
The various methods discussed above have the advantage 
of being easy to use in the field with a minimum of 
computations and, as such, they are powerful tools. This is 
especially the case in applications like the buried conduit 
problem where differences in earth structure are more 
important than the absolute structure. A problem to be kept 
in mind, though, is that one is never sure that the 
fundamental mode velocity is being measured since one 
never inspects the seismograms or checks velocity-
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This paper describes a series of experiments whose 
objective is to test the feasibility of using travel time 
variations in interface waves to map locations of leaks 
beneath large storage tanks. The method is based on the 
premise that leaks into the soil will change the propagation 
speed relative to initially dry soil, and that the differences 
can be measured using array methods, such as 
tomography. 
The first experiments described were done using linear 
arrays of geophones which spanned an area which was 
initially dry, and subsequently injected with water. The 
seismic source was off one end of the array. The authors 
quantified the differences in the seismograms before and 
after water injection by cross correlation. They found that 
the smallest correlation coefficients were in the wetted 
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hammered the ground on one side of existing tanks and 
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appearance of those shown in the paper. This often makes 
travel time picks of the non-impulsive interface wave signals 
difficult. This can be cured in many instances by narrow-
band filtering and measuring the peaks from the narrow-
band signals themselves or their envelope functions. 
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